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Abstract 
This paper proposes power allocation algorithm in orthogonal frequency division multiplexing (OFDM) based cognitive radio 
(CR) system using decode and forward (DF) relay. It is reported in the literature that both classical i.e. uniform power loading 
scheme and water filling methods that allocate power on OFDM subcarriers based on the channel gain are not effective for 
cognitive radio network (CRN) as the schemes introduce large interference to primary user (PU). To this aim, the present work 
proposes a simple, computationally efficient yet effective power loading scheme that maximizes the transmission capacity of CR 
while keeping the interference introduced to the PU below acceptable limits. To meet the objective, proposed power allocation to 
subcarriers not only considers channel gains but also the relative distances between CR subcarriers and PU band. This capacity 
performance is further improved significantly using DF relay, where our research direction focuses on optimal sharing of power 
between CR and relay using maximal ratio combiner (MRC) at destination receiver. Performance for the proposed power 
allocation schemes are compared with OFDM based hybrid power allocation as well as joint subcarrier and power adaptation 
methods reported in the literature.  Numerical results show that the relative gain on CR’s capacity are ~ 3.7 times and 2.3 times, 
respectively compared to the optimal and hybrid  OFDM power allocation schemes, while for interference introduced to PU is set 
at 3 times 10-6 (in watt). Finally, a few related research problems are also highlighted as future scope of works. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of ICCTSD 2011 
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1. Introduction 
Radio frequency spectrum scarcity is becoming nowadays a serious issue due to the high demand for spectrum 
resources inspired by the increasing number of wireless users and data intensive applications such as interactive and 
multimedia services. Cognitive radio network (CRN) has recently been emerged as one of the prime techniques for 
exploiting the increasingly flexible licensing of wireless spectrum [1]. Spectrum sensing, dynamic spectrum access, 
spectrum management, spectrum utilization with cooperative relay concept etc. are the couple of primary issues in 
cognitive radio (CR) research [2]. Concurrent cognitive and non-cognitive transmission is possible through spectrum 
sharing if the interference generated by the CR users is below a certain acceptable threshold at the primary user’s 
(PU’s) intended receiver. There are three types of spectrum sharing techniques, namely interweave, underlay, and 
overlay; each one offers benefits along with different challenges.  
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Underlay scheme assumes that the knowledge of channel gains between the secondary and PU  are available so 
that secondary user (SU)  adapt itself to the channel 
change in order to meet the PU’s  interference requirement.  
Orthogonal frequency division multiplexing scheme is perhaps one of the most promising candidates in CRN due 
to its natural adaptive ability to utilize different portions of the spectrum [3]. A subcarrier of orthogonal frequency 
division multiple access (OFDMA) that is in deep fading and is not suitable for one user, may have a good gain for 
other user. In general since fast Fourier transform (FFT) and its inverse are used for OFDM based system 
implementation, various parameters such as FFT size, filters, windows, modulation, coding rate, cyclic prefix size, 
transmit power, subcarrier allocation, bit loading etc. may be made use for overall performance improvement. 
Among all these, adaptive resource allocation in terms of subcarriers, bit and power to users according to their 
channel conditions become the most appealing for effectively improving the spectrum utilization. Two popular 
classes of resource allocation problems, namely, margin adaptive (MA) (to minimize transmit power under data rate 
constraints) and rate adaptive (RA) (to maximize data rate subject to power constraints) are studied and reported in 
literature for conventional wireless network as well as in CRNs [2].  In [3], OFDM based hybrid power allocation 
and in [4] optimal and suboptimal power loading algorithm in different OFDM subcarriers are proposed.  
Relay in various forms, like maximizing signal to noise ratio (SNR) on its path selection [5], using decode and 
forward (DF), amplify and forward (AF) in OFDM system with a sum-power constraint [6], power allocation 
incorporating dynamically changing environment [7], cooperative relay schemes (CRS) to increase signal-to-
interference noise ratio (SINR) at secondary receiver [8] and many others have been explored in CR research. The 
selection of relay strategy depends upon the channel condition and the performance criterion. Depending on source-
to-relay link condition, and the performance metric (e.g bit error rate, outage probability, etc) DF may outperform 
AF, or vice versa [9]. 
    
This work develops optimal subcarrier power allocation for OFDM based CRN to maximize data transmission 
rate of CR under the constraint of interference threshold to the primary user. Therefore a simple power loading 
policy is proposed that not only considers fading gain of the radio channel but also the spectral distance of the 
respective subcarriers to the PU. We then incorporate DF relay strategy for capacity improvement of the SU on time 
sharing basis. Simulation results show the strength of the proposed scheme for improved data transmission rate of 
CR in presence of relay compared to the existing works while meeting the constraint of interference.  
      The rest of the paper is organized as follows: Section 2 describes proposed power allocation algorithm in 
presence of relay. Section 3 presents performance evaluation along with discussion. Finally, the paper is concluded 
in Section 4 along with the scope of the future work.  
2. Proposed power allocation algorithm in presence of relay 
It is assumed that frequency band B which has been occupied by PU is known, and the available frequency band for 
CR user is located on both sides of the PU i.e we consider side-by-side CR access model. The available bandwidth 
for CR transmission is divided into N subcarriers, N/2 subcarriers on each side, and each with a bandwidth of  
Further, it is assumed that CR does not have any knowledge of the PUs data transmission method i.e whether it is 
also OFDM or not.  If the PU also uses OFDM modulation and the SU has knowledge of it, their transmission could 
be made orthogonal. However, in practice the PU might not be using OFDM, even if it is, it would be very difficult 
for the CR user to know the required parameters of the PU in order to maintain orthogonality.  
The model presented here is a generalized picture of co-existence of both PU and SU according to a spectrum 
pooling strategy. In other words, the interference introduced into a PU’s band is dominated by the adjacent SUs’ 
transmission. Interference from the distant SUs decays as distance increases. However, the coexistence of PU an SU 
would introduce two types of interference in the system. 
(i) One is introduced by the PU into the CR user’s band. 
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(ii) Other is the interference introduced by the SU (CR) to PU band.  
 
 
The power density spectrum of the i-th subcarrier in the CR user’s band can be written as 
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where iP  is the total transmitted power emitted by the i-th subcarrier in the CR user band and ST is the symbol 
duration. The interference introduced by the i-th subcarrier to the PU’s band is the integration of the power density 
spectrum of the i-th subcarrier across the PU’s band, and can be written as 
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Here id represents the spectral distance between the i-th subcarrier of the CR user’s band and the PU’s band. 
),( iii PdI represents the interference introduced by the i-th subcarrier for a transmit power iP  into the PU’s band, 
hisp represents channel gain for i-th subcarrier of CR to PU. We assume that both PU and CR users are located in a 
same device. In such co-located scenario which indicates that primary receiver can estimate the channel gain hisp and 
reports it to CR transmitter.  
 
The power density spectrum of the PU signal after M-point fast Fourier transform (FFT) processing can be 
expressed by the following expected value of the periodogram 
 
                                                                                              (4) 
 
                                                                                                                                                                            
where W represents the frequency normalized to the sampling frequency and ϕpu (ejw ) is the power density 
spectrum of the PU signal. 
 
                                                                                                                                (5)     
 
Assuming that there are L numbers of PUs, and also assume that Jni is the interference introduced by the n-th PU to 
the i-th subcarrier of a CR under consideration at a distance di. If Jni is treated as a random variable , for large value 
of L,   is considered to be random variable (RV) with Gaussian distribution (according to central limit 
theorem). Henceforth, we denote this interference Ji introduced by a group of PUs to the i-th subcarrier of a CR 
under consideration as additive white Gaussian noise (AWGN)-like signal filtered by elliptical filter with certain 
amplitude.   
  
The transmit power is adjusted in each subcarrier of CR user. The transmission rate of i-th subcarrier, Ri, for the 
transmit power Pi is given by Shannon’s capacity formula  
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where hi ss is the channel gain between i-th subcarrier of CR transmitter and CR receiver. Here again it is assumed 
that channel gain hi ss is perfectly known to CR transmitter. 
 
In absence of  relay, the data transmission rate C1 of SU is as follows: 
 


















l
i
i
i
i
ss
N
iPi J
Ph
fLogC
1
2
2
1
2
*
11 max

                                                                       (7)
 
 
subject to thii IkP *  i.e.  thii
N
i
i IPdI 

),(
1
, N denotes the total number of OFDM subcarrier, thI  denotes the 
total interference threshold given by L number of primary user band, J is the interference introduced by a group of 
PUs to the i-th subcarrier of a CR under consideration as additive white Gaussian noise (AWGN)-like signal filtered 
by elliptical filter with certain amplitude [3]. Using Lagrange formulation we can write the cost function as 
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Differentiating this equation with respect to iP  we get,   
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We now incorporate DF type relay with two time-slot strategy so that the relay can receive and transmit in the same 
subcarriers and uses the whole bandwidth.  According to two time slot strategy, the source (S) broadcasts the 
information Sx in the first time slot. The relay receives information from the source in the first time slot by uing 
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relay strategy.  The signals received by the respective destination (D) and relay (R) on i-th subcarrier at time t are 
given by, 
)(,)().(,)( ,, ttxthPtY iSDSiSDiSiSD                                                                              (12)
 
)(,)().(,)(, , titxtihPtiY SRSSRiSSR                                                                              (13)
 
where Ps,i is the power transmitted by the source on the i-th subcarrier, ηSD,i (t) is additive white Gaussian noise. We 
assume  ηSD,i (t), ηSR,i (t) have equal variance, without loss of generality. The relay re-decodes and re-encodes the 
data, and then forward it to the destination in the second time slot. The signal received at the destination from the 
relay at time t is given by 
   )(,)().(,)(, , titxtihPtiY RDSRDiRRD                                                                    (14)
 
Where PR,i is the power transmitted by the relay on the i-th subcarrier. 
The destination receives two signals accorss two time slots, one through direct path from the source and the other 
one from the relay. These two signals are combined using a maximum ratio combiner (MRC). So SNR at i-th 
subcarrier of the destination is 
                                                                                                                                                                          (15) 
First we assume iRiSi PPP    i.e. source and relay node are with equal power. Now depending on the channel 
gain between S-D and R-D, we can allocate total power as fraction of i and )1( i  between source and relay in 
such a way that iirdiii PPPsd  )1(  is satisfied.  Now the capacity C2 of   SU using relay system becomes   
 
                                                  (16) 
The cost function becomes  
                                                                                    (17)       
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Data transmission capacity of CR (source) can be obtained by putting  i  value from (19) and Pi from (10).                                                                                                                                                                          
3. Performance evaluation and discussion 
This section describes the performance of the proposed OFDM power allocation in CR system in presence of relay.  
Maximum possible data transmission rate for different values of interference threshold to PU and power budget are 
reported along with comparative results for the two recently reported works, namely hybrid OFDM based power 
allocation [3] and joint subcarrier and power adaptation in OFDMA based CRN system [4].To run simulation we 
use ST (Symbol duration) to be 4 x10-6 sec. Subcarrier bandwidth f is taken as 0.5 MHZ. We assume that there 
are two PUs and two SUs bands. We first assume bandwidth of primary user B is 1 MHZ and that of second primary 
user band is 2 MHZ. Interference from PU to SU (denoted by J) is assumed to be additive white Gaussian noise and 
power of the output noise is kept at 8x10-3 watts. The channel gains ips
i
sp
i
ss hhh ,,  are assumed to be Rayleigh fading 
with an average power gain -10dB. Different realizations for channel state would result different fading gain, an 
average transmission capacity for CR obtained over 10000 independent run is reported here. Further we assume 
there are ten subcarriers for SU, five on each side of the PU band. Noise variance is taken as 610  Fig. 1(a) shows 
power budget of CR versus data transmission capacity for different interference threshold   to PU. As expected, with 
the increase in interference threshold values, data transmission capacity of CR user increases. Numerical results 
show that at thI  value ~0.000005, an improvement in data transmission rate from 400 bps to 700 bps is achieved 
due to the use of relay at SU power of 20mW, while improvement in same is from 700bps to 1500bps at SU power 
of 120mW.  Moreover, even at lower power budget, capacity for CR is significantly high making this relay based 
system efficient for CRN system in power limited channel.  
 
 
 
Fig. 1(a) Transmission capacity of SU in bits/sec (a) vs power budget with and without relay at different Ith, (b) vs interference introduced  to PU 
with/without relay and performance comparison 
 
Fig. 1(b) shows the comparative performance results for maximum possible data transmission rate of relay based CR 
with introduced interference to PU band. The numerical values  show that for a given interference threshold to PU, 
the proposed power allocation not only offers the best data transmission capacity compared to [3],[4] but also the 
use of relay improved the same significantly. Relatively inferior performance of [4] is possibly due to suboptimal 
subcarrier allocation which is preceded for the optimal power allocation. Numerical values in the graph also show 
that CR data transmission capacity is significantly improved at high values of interference threshold compared to the 
other works [3],[4]. It is clear from the graph that at interference introduced to primary user set to 3x 610 , almost 
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3.8 times improvement is possible to achieve in capacity in relay system compared to [4], and 1.5 times 
improvement over without relay system. 
 
Performance comparison of interference introduced to PU vs transmit power is shown in Fig. 2(a), while Fig. 2(b) 
shows the same with the difference in maximum achievable transmission rate expressed in terms of percentage 
reduction in capacity. In both the cases use of relay significantly improves performance over non-relay based 
proposed power allocation as well as the existing works in hybrid power allocation [3] and optimal system [4].  
Results in Fig. 2(a) show that SU power at 80x10-6 watts, interference introduced to PU reduces from 0.9 to 0.56 
times in relay based system compared to optimal power allocation in [4], while the reduction in same varies from 
1.2 to 0.6 times at SU power 130x10-6. The combination of Fig. 1(a) and 2(d) would determine threshold value for 
power budget to determine target capacity. In Fig. 2(b) capacity reduction is calculated by taking the difference 
between the capacity achieved in this work and the capacity obtained by allocating mean equal power to all 
subcarriers but without considering any interference to PU, and then converting this reduction (as difference is 
negative) in term of percentage, calculated for different values of interference to PU. Here also relay based proposed 
method shows the best performance. 
 
Fig. 2(a) Comparison of interference introduced to PU vs (a) transmit power budget, (b) % reduction in capacity 
Conclusion and scope of future works 
A computationally simple power profile calculation for OFDM based CR system with DF relay is 
proposed. Power allocation not only depends on channel gain but also on distance of cognitive radio 
subcarriers to PU band. Simulation results show that significant improvement in data transmission 
capacity of CR user due to the use of  relay compared to OFDM based hybrid power allocation as well as 
joint subcarrier and power adaptation methods at lower value of interference threshold. Future work 
would explore this performance analysis using AF relay system. In present system, it is assumed that 
actual channel state information (CSI) is available but in reality this information may be available with 
distribution only. Moreover, CSI may be outdated, so future work may concentrate capacity calculation 
based on CSI distribution or outdated CSI and hence be used for power allocation in OFDM subcarriers 
under certain  rate constraint CR’s data transmission. 
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